We have identified a rare (Ϸ0.05-0.1%) population of cells (Thy-1 hi CD16 ؉ CD44 hi CD2 ؊ TCR␣␤ ؊ B220 ؊ Mac-1 ؊ NK1.1 ؊ ) in the adult mouse bone marrow that generates CD4 ؉ and CD8 ؉ TCR␣␤ ؉ T cells after tissue culture for 48 hr in the presence of Ly5 congenic marrow cells. The essential stages in the maturation of the progenitors were determined; the stages included an early transition from CD2 ؊ CD16 ؉ CD44 hi TCR␣␤ ؊ to CD2 ؉ CD16 int/؊ CD44 int/؊ TCR␣␤ ؊ cells, and a later transition to CD4 ؉ CD8 ؉ TCR␣␤ ؉ double-positive T cells that rapidly generate the CD4 ؉ and CD8 ؉ single-positive T cells. The maturation of the progenitors is almost completely arrested at the CD2 ؉ TCR␣␤ ؊ stage by the presence of mature T cells at the initiation of cultures. This alternate pathway is supported by the marrow microenvironment; it recapitulates critical intermediary steps in intrathymic T cell maturation.
A lthough the thymus is the predominant source of T cells in the peripheral lymphoid tissues, extrathymic sources of T cells also contribute to the T cell pool in both lymphoid and nonlymphoid tissues (1) (2) (3) (4) (5) . CD4 ϩ and CD8 ϩ T cells accumulate in the spleen of congenitally athymic nu͞nu mice (1, 6) , and in thymectomized, lethally irradiated mice reconstituted with purified hematopoietic stem cells (7) . Intestinal intra-epithelial T cells, especially CD8␣␣ T cells, are present in athymic nude mice and thymectomized radiation chimeras (3, 8) . Similarly, T cells in the liver, expressing the CD3 int IL-2R␤ ϩ phenotype (IL-2R, IL-2 receptor), are abundant in mice without a functioning thymus (4) .
Several sites for the generation of extrathymic T cell maturation have been proposed, including the bone marrow, mesenteric lymph nodes, and the gut (9) (10) (11) (12) (13) (14) . In the case of the marrow, evidence for in situ generation of T cells includes the presence of deleted circular segments of rearranged T cell receptor (TCR)␣ chain genes, and transcripts of recombination activating genes (RAG-1, RAG-2) in non-B lineage cells (10) . T cell generation from precursors in short-term cultures of dispersed bone-marrow cells (11, 15) , and from multilineage colonies grown on methylcellulose-coated plates derived from single pluripotent cells (16) has been reported also.
In a previous study (17) , we showed that T cell progenitors, contained in bone-marrow cells depleted of CD4 (8-hr) period between the transition from double-positive to single-positive T cells (17) . Thus, these marrow cultures recapitulated the key elements of intrathymic T cell maturation (18) , and demonstrated similar rapid kinetics of the generation of double-and single-positive T cells observed in heterogeneous thymic stromal cell cultures (19, 20) . The kinetics of T cell generation in the latter cultures were considerably faster than in whole thymic organ cultures because of the extensive expansion of double-positive T cells in the whole organ (21, 22) . Further phenotypic characterization of the newly generated CD4 In a recent study, we identified rare (Ϸ0.05%), clonable committed T cell progenitors in the adult mouse bone marrow with the Thy-1
phenotype that had not rearranged the TCR ␤ chain genes (S.D.-J., S.S., M. E. Garcia, and D. Zeng, unpublished data). The latter cells were injected intravenously and reconstituted only T cells in the bone marrow, spleen, lymph nodes, and thymus of adoptive hosts, by using both thymic and extrathymic pathways. In the current study, to determine whether the latter T cell progenitors can give rise to the CD4 ϩ and CD8 ϩ T cells in short-term marrow cultures, we used a progenitor assay system in which congenic Ly5.1 marrow cells support the maturation of purified progenitors from Ly5.2 C57BL͞6 mice. We found that the sorted Thy 
Materials and Methods
Mice. Congenic strains of C57BL͞6-Thy1.2-Ly5.2 and C57BL͞ 6-Thy1.2-Ly5.1 mice were used for all in vitro experiments. Mice were bred and maintained in the Department of Comparative Medicine animal facility, Stanford University School of Medicine. Male and female mice, 8 to 12 weeks old, were used.
Immunofluorescent Staining and Sorting of Cells. Bone marrow cells were harvested from the femur and tibia as described in detail previously (15) . Staining and sorting of cell suspensions with fluorochrome or biotin-conjugated mAbs were also described in detail previously (17) . Four-color fluorescence-activated cell sorter (FACS) analysis and sorting were performed with a highly modified dual laser (488-nm argon and 599-nm dye lasers) FACS Vantage (Becton Dickinson) with eight-decade logarithmic amplifiers (17) . Two-to three-color sorting was performed on a FACStar (Becton Dickinson). For sorting candidate progenitor cells in the bone marrow, cells were first enriched by incubation with biotin-conjugated anti-Thy1.2 mAb (5a-8, Caltag, South San Francisco, CA), further incubation with streptavidinconjugated immunomagnetic beads, and positive selection on MACS-MS magnetic separation columns (Miltenyi Biotech, Auburn, CA), according to the manufacturer's instructions. Stringent T cell depletion of whole bone marrow cells was performed by immunofluorescent staining, and sorting for CD4 Ϫ CD8 Ϫ TCR␣␤ Ϫ marrow cells, as described previously (17) . The following mAbs were conjugated with fluorochromes as This paper was submitted directly (Track II) to the PNAS office.
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PNAS ͉ December 7, 1999 ͉ vol. 96 ͉ no. 25 ͉ 14493-14498 described (20) : fluorescein isothiocyanate-(FITC) conjugated anti-Ly5.2 (A20.1.7), biotin-conjugated anti-Ly5.1 (ALI-4A2), and allophycocyanin-conjugated anti-CD44 (IM-781). Additional conjugated mAbs were purchased from Caltag: phycoerythrin-(PE) anti-CD4 (CT-CD4), PE-anti-CD8 (CT-CD8a), PE-and FITC-anti-TCR␣␤ (H57-597), FITC-anti-CD4 (CT-CD4), FITC-and PE-anti-macrophage (Mac)-1 (M1͞70.15). PEand FITC-anti-B220 (RA3-6B2), PE-anti-Gr-1 (RB6-8C5), PE-anti-NK1.1 (PK136), FITC-anti-CD16͞32 (2.4G2), PE-and FITC-anti-CD2 (RM2-5), and Texas red streptavidin were purchased from PharMingen.
In Vitro Assays of Progenitor Maturation. Short-term (48-hr) cultures of sorted T cell-depleted marrow cells and sorted candidate progenitor cells used RPMI-1640 (Biowhittaker, Walkersville, MA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT), 100 units͞ml penicillin͞100 g͞ml streptomycin (Biowhittaker), 2 mM glutamine (Biowhittaker), 10 mM Hepes buffer, and 0.1 mM 2-mercaptoethanol (GIBCO͞BRL). Approximately 4 ϫ 10 6 T cell-depleted marrow cells from Ly5.1 mice and 2 ϫ 10 4 to 5 ϫ 10 4 sorted candidate progenitor cells from Ly5.2 mice were cultured at 37°C in a humidified atmosphere with 5% CO 2 in vented upright T12.5 flasks (Falcon, Franklin Lakes, NJ) at 2 ϫ 10 6 cells per ml. At the end of the culture period, cells were harvested and washed twice in staining medium before being stained with mAbs. Yields of live nucleated cells were at least 50% in all of the cultures described here (in the figures and legends).
Results

Progenitor Activity of Thy-1 hi CD2
؊ Lin ؊ Marrow Cells. To isolate T cell progenitors in the marrow, we enriched marrow cells for Thy-1 ϩ cells on immunomagnetic bead columns, and stained the enriched cells for surface markers reported to be present or absent on early T cell progenitors. The yield of enriched cells was 1-3% (data not shown). We subdivided Thy-1 hi Lin . Re-analysis of the sorted cells that were used in this experiment and in subsequent experiments showed that more than 99% were contained within the thresholds of box 1 (data not shown). Incubation of 5 ϫ 10 4 sorted cells from Ly5.2 mice with 4 ϫ 10 6 T cell-depleted marrow cells from Ly5.1 mice generated CD4 and CD8 Ly5. were cocultured with 4 ϫ 10 6 T cell-depleted Ly5.1 marrow cells for 48 hr, and the newly generated CD4 ϩ or CD8 ϩ TCR␣␤ ϩ Ly5.2 cells are enclosed in boxes in C and D. Cells were harvested also at 24 and 48 hr, gated on the Ly5.2 ϩ subset, and analyzed for CD16 staining. The intensity of staining of the sorted cells before culture was compared with that after 24 hr (E) or after 48 hr (F). Open area shows staining before culture, and shaded area shows staining after culture. Fig. 1B were tested for progenitor activity; they generated similar numbers of CD4 ϩ and CD8 (23) (24) (25) . We wished to determine whether a similar transformation occurs in our in vitro marrow progenitor assay system. Accordingly, cultures of the CD2 Ϫ marrow progenitors were repeated, and cells were harvested at both 24 and 48 hr. Fig. 1 E and F show Fig. 1 E and F . The failure to express TCR␣␤ at 48 hr was associated with the failure to express CD4 and CD8 also (data not shown).
TCR␣␤
ϩ T cells generated in the 48-hr cultures was 5.4 Ϯ 0.6 ϫ 10 5 . In further experiments, sorted Thy-1 hi CD2 ϩ Lin Ϫ cells obtained from box 2 of
Changes in Expression of CD44 on Cultured CD2 ؊ Progenitor Cells.
During intrathymic T cell maturation, early CD4
Ϫ CD8 Ϫ TCR␣␤ Ϫ precursors express high levels of CD44 on the cell surface, and just before TCR␤ chain gene rearrangement, CD44 is down-regulated (26) . The changes in the surface expression of CD44 were studied during the transition from CD2 Ϫ to CD2 ϩ cells in the marrow culture system with T cell-depleted Ly5.1 marrow cells. The freshly sorted Thy-1 hi CD2 Ϫ Lin Ϫ marrow cells, obtained from Ly5.2 mice as described above, were stained for CD44; the analysis of CD2 vs. CD44 is shown in Fig. 1K . Almost all of the CD2 Ϫ sorted cells expressed high levels of CD44 before culture; but after culture, Ly5.2 ϩ cells down-regulated CD44. Only 14.0% of gated Ly5.2 cells harvested at 24 hr were CD44 hi (enclosed in box, Fig. 1L ) and the rest were CD44 lo/Ϫ . During the same time, CD2 was up-regulated (Fig. 1L) . The surface expression of CD2 and CD44 remained essentially unchanged at 48 hr (Fig. 1M) , when the TCR␣␤ marker was expressed on almost all of the Ly5.2 ϩ gated cells (Fig. 1F) .
Changes in Expression of CD16 on Cultured CD2 ؊ Progenitor Cells.
Early T cell progenitors in the fetal blood and fetal and adult thymus express CD16͞32 (referred to hereafter as CD16) on the cell surface, and during T cell maturation, expression of CD16 is rapidly down-regulated (24, 27) . As shown in Fig. 2 A and T cell-depleted Ly5.1 marrow cells; cultures were harvested at 44 and 48 hr. Gated Ly5.2 ϩ cells were analyzed for the expression of CD4 and CD8 vs. TCR␣␤ markers (Fig. 3 A and B) , and for CD4 vs. CD8 markers (C and D) at each time point. Fig. 3 A and B show that almost all the Ly5.2 ϩ progenitor cells expressed CD4 and͞or CD8 and TCR␣␤ at both time points. Fig. 3C shows that almost all Ly5.2 ϩ cells at 44 hr expressed both the CD4 and CD8 markers, but at 48 hr, these cells had matured into either CD4 ϩ CD8 T cells over a similar time interval has been reported in heterogeneous thymic stromal cell cultures (19, 20) . However, the double-positive cells in the latter cultures persisted during the appearance of the single-positive cells (19, 20) .
Discussion
The object of the current study was to determine whether sorted T cell progenitors in the marrow can mature into CD4 ϩ and CD8 inhibit the outgrowth of CD4 ϩ and CD8 ϩ T cells from the marrow progenitors (17) . In concert with the previously reported CD2 Ϫ CD16 ϩ phenotype of fetal T cell precursors (24) , almost all of the CD2 Ϫ progenitors in the marrow expressed surface CD16. The appearance of CD16 on progenitor cells in the fetus is associated with the loss of the potential to mature into B lymphocytes and myeloid cells, and with restriction toward T cell maturation (26) . During the first 24 hr of the sorted Thy-1 hi CD16 ϩ CD2 Ϫ Lin Ϫ cells in culture, the CD16 surface expression was down-regulated, in association with the up-regulation of CD2. A similar reciprocal change in CD2 and CD16 occurred during T cell maturation from early progenitors in the fetal thymus (24) . During the first 24 hr in marrow culture, the CD2 Ϫ sorted cells also down-regulated surface expression of CD44. Down-regulation of both CD16 and CD44 appears to be closely linked in time to the rearrangement and subsequent expression of the TCR ␤ chain genes (21, 24) . The appearance of the TCR␣␤ on the surface of the cultured Thy-1 hi CD2 Ϫ cells within 24 hr after down-regulation of CD16 and CD44 recapitulates this intrathymic transition in the marrow culture system. 
